Abstract-A pilot-carrier coherent low-earth-orbit (LEO) satellite to ground (LEO-to-Ground) downlink system using an optical injection phase lock loop (OIPLL) technique is proposed and its feasibility under Doppler frequency shift conditions is demonstrated. A fiber-optic based experimental system is configured and it is demonstrated that a 10 Gbps BPSK transmission system based on the proposed configuration can successfully maintain stable frequency and phase locking status under simulated Doppler frequency shift conditions. It is demonstrated that the stable locking status is maintained over a 10.3 GHz (54 ppm) frequency offset with a maximum rate-of-change of up to 32.4 GHz/s (168 ppm/s), which is ample to meet the requirement for a coherent LEO-to-Ground downlink system. The locking capability of the experimental system for more rapidly changing Doppler frequency shift is investigated. It is shown that the OIPLL receiver remains locked for maximum rates of change of 2.6 THz/s (13 500 ppm/s) or more for peak-to-peak frequency offsets up to 2 GHz (10.7 ppm). The phase noise performance of the system is also investigated and phase noise power of less than 100 dBc/Hz at greater than 1 MHz offset frequency is achieved even if the received laser signal suffers from a simulated Doppler frequency shift with peak-to-peak frequency offset of 2.4 GHz (12.5 ppm) and maximum rate of change of 750 GHz/s (3 900 ppm/s).
such as satellite-to-satellite links and satellite-to-ground links [5] , [6] .
The National Institute of Information and Communications Technology (NICT) in Japan has set the target of demonstrating the feasibility of a low-earth-orbit (LEO) satellite to ground downlink system which will allow enormous amounts of observation data to be downloaded from the LEO satellite [7] . Investigations to clarify the channel characteristics due to atmosphere propagation have been conducted [8] and optical amplifiers available for the space link have been developed targeting higher sensitivity [9] . However, the use of phase modulation technique has not been demonstrated yet due to a number of difficulties.
One of the difficulties inherent to a coherent LEO-to-Ground downlink system is that the receiver at an optical ground station (OGS) needs to be equipped with a local oscillator (LO) laser with frequency and phase precisely synchronized to the received laser signal. To compound the difficulty, a coherent LEO-to-Ground downlink system needs to cope with a critical Doppler frequency shift ranging over multiple gigahertz as described later.
One conventional solution for this synchronization issue has been integration of an optical phase-lock loop (OPLL) technique with the LO laser [10] [11] [12] . Yet it is known that the phase noise suppression effect obtained with this technique is limited due to the unavoidable loop propagation delay, and the laser linewidth used for the signal source must be comparatively narrow. Another solution is use of the optical injection locking (OIL) technique [13] [14] [15] , which is known to offer an acceptable phase noise suppression effect with a realistic laser linewidth. However there is a drawback that the locking frequency range is limited to typically 1 GHz or less.
The digital coherent approach [16] which is now being deployed in fiber-optic networks could be another promising solution because the phase and frequency offset can be effectively estimated and compensated at the receiver by using high-speed digital signal processing (DSP) technology that has recently become available. However, the high power consumption of the DSP, and the cost of developing application-specific integrated circuits, may make a more conventional solution attractive in some situations.
The above discussion leads to the idea that use of an OPLL technique combined with an OIL technique, i.e., use of an optical injection phase-lock loop (OIPLL) technique [17] [18] [19] [20] [21] [22] , could be a suitable solution for the synchronization issue in a coherent LEO-to-Ground downlink system, where the LO laser needs to remain stably frequency and phase locked to the received laser signal from a LEO satellite under severe Doppler frequency shift conditions. In addition, it is expected that the use of the OIPLL technique could relax the requirements on the linewidth and frequency stability of the transmitter laser installed in the satellite, which is exposed to extreme conditions in space.
This paper proposes and discusses a coherent LEO-toGround downlink system where a pilot carrier is transmitted along with a modulated signal in orthogonal polarizations in order to apply an OIPLL technique at the receiver. The rest of this paper is organized as follows. Section II describes the concept of a coherent LEO-to-Ground downlink system. Section III describes a sample configuration of a pilot-carrier coherent LEO-to-Ground downlink system. Section IV theoretically estimates Doppler frequency shift from which an LEO-to-Ground downlink should suffer. Section V details the experimental system configuration. Section VI shows the fundamental bit error ratio (BER) performance of the experimental system. Sections VII and VIII, respectively, show BER and phase noise performances of the experimental system under simulated Doppler shift conditions. II. CONCEPT OF A COHERENT LEO-TO-GROUND DOWNLINK SYSTEM Fig. 1 illustrates the concept of a coherent LEO-to-Ground downlink system [23] , where a LEO satellite is assumed to collect and store various kinds of observation data while orbiting.
The collected data are transmitted to an optical ground station (OGS) while it is accessible by the LEO satellite. The received data at the OGS may be further transported to a data analysis station located in a remote place via ground networks as shown in Fig. 1 .
A LEO satellite generally orbits at a height of hundreds of kilometers, moving at a velocity of several km/s. Consequently, the OGS needs to achieve highly accurate laser beam pointing [24] and must overcome signal fading due to atmospheric turbulence and clouds [7] , [8] , [25] . In addition, if a coherent communications technique is applied, the receiver at the OGS needs to cope with the frequency and phase synchronization issue under Doppler frequency shift conditions, where the frequency shift actually ranges over several gigahertz, as will be described in Section IV. Thus, we need to consider the tracking ability of the receiver carefully in developing a LEO-to-Ground downlink system.
III. A SAMPLE CONFIGURATION OF A PILOT-CARRIER
COHERENT LEO-TO-GROUND DOWNLINK SYSTEM Fig. 2 illustrates a sample configuration of a pilot-carrier coherent LEO-to-Ground downlink system. The proposed coherent system assumes optical pre-amplification at the receiver as shown in Fig. 2 . Therefore, the receiver performance is dominated not by shot-noise but by beat-noise due to the local oscillator laser and amplified spontaneous emission (ASE) from the pre-amplifiers, i.e., LO-ASE beat noise.
The transmitter at the LEO satellite is equipped with a transmitter laser which works as a master laser (ML) and an external optical modulator (EOM) which modulates only the TE mode polarization light based on the applied voltage but passes the TM mode polarization light with no modulation. Consequently, if the laser signal at the input of the EOM is linearly polarized in a direction that is slightly inclined with respect to the modulation axis of the EOM, a modulated laser signal multiplexed with a CW orthogonal polarization pilot-carrier is obtained. The power ratio of the modulated signal and the pilot carrier can be controlled by adjusting the inclination angle using a polarization controller (PC).
Fortunately, it has been demonstrated that the polarization state is well maintained even after a laser signal propagates through the atmosphere in LEO-to-Ground downlink systems [26] . Thus, it is expected that the receiver can divide the pilotcarrier and the modulated signal with a high discrimination ratio by using a polarization beam splitter (PBS). However, since it would be difficult to estimate and match the directions of the linear polarization axis between the moving LEO satellite and the receiver at an OGS, the pilot-carrier and modulated laser signal should be multiplexed in circularly orthogonal polarizations, which can be achieved by inserting a quarter-wave plate (QWP) in the front end of both the transmitter and receiver, as shown in Fig. 2 .
The OIPLL receiver at an OGS first divides the received light into modulated signal and pilot-carrier using a PBS. The extracted pilot-carrier power is further divided into two parts, one of which is injected into a slave laser (SL) after polarization and power adjustments, while the other part is used for phase-error detection. Most of the output power from the SL is used as a local oscillator (LO) signal for coherent detection of the data, but some is mixed with the received pilot-carrier and photo-detected to generate a phase-error signal as shown in Fig. 2 . The phase-error signal is used to control the frequency and phase of the SL. The scheme illustrated in Fig. 2 shows the modulated signal and LO being combined in a simple coupler, allowing demodulation of data in a single quadrature. However, a 90-degree optical hybrid could be used instead, allowing recovery of both in-phase and quadrature-phase components of the modulated data signal.
Essential for the operation of any satellite communications system are the acquisition and tracking sub-systems. First, mechanical laser pointing to establish the connection must be carried out, which in a LEO-to-Ground link generally takes several seconds [5] , [6] . Exact frequency and phase locking by the OIPLL has been demonstrated to take less than 10 ns [22] , once the input signal falls within the optical injection locking range. However, stable locking requires a low optical injection ratio, resulting in a narrow locking range of around 1 GHz [21] . It would therefore be necessary to tune the freerunning frequency of the LO laser until it matches that of the Doppler-shifted signal laser. We envisage that the LO laser's frequency could be scanned over the range corresponding to the Doppler-shifted signal until injection locking is detected, then the slow PLL tracking loop turned on to bring the LO frequency to the center of the locking range and to track the changing Doppler shift. Since rapid tuning of the LO laser is possible (on a millisecond timescale or quicker), this should be a rapid process. The initial mechanical alignment process is therefore expected to dominate the overall acquisition time.
Once the signal has been acquired, the slow PLL loop will track the Doppler-shifted signal frequency and ensure operation at the center of the optical injection locking range. In the event of a signal fade, automatic gain control in the optical amplifiers should maintain the injected signal power at an approximately constant value, preventing locking being lost except in the case of very deep fades. In the event that locking is lost, the frequency scanning acquisition process would have to be restarted until adequate power for locking is once again achieved. Provided spatial tracking is not also lost, it should be possible to re-establish communications very rapidly after a fade.
Although these acquisition processes should be conducted automatically in a practical system, we carried them out manually in the experiments described in the rest of this paper.
IV. THEORETICAL ESTIMATION OF DOPPLER FREQUENCY SHIFT FOR A COHERENT LEO-TO-GROUND DOWNLINK

A. Moving Model for a LEO Satellite
A moving model of a LEO satellite can be simplified as shown in Fig. 3 , where the earth is assumed to be a perfect sphere. is the LEO satellite's elevation angle when viewing it from the OGS point, is the earth's radius, is the orbit's altitude, and is the angle indicating the LEO satellite position relative to the zenith position.
The Doppler frequency shift, , can be expressed as follows [27] : (1) where and are the velocity of light and the center frequency of the transmitted laser signal, respectively. is the velocity of the LEO satellite which can be expressed by (2) 
TABLE I PARAMETERS USED FOR DOPPLER EFFECTS ANALYSIS
where is the gravitational constant multiplied by the mass of the Earth. is the angle determined by and as follows. Table I are used. We can see from this figure that the Doppler frequency shift ranges from approximately GHz to GHz, which means the receiver for the LEO-to-Ground downlink is required to have a locking capability over a frequency range of at least 9 GHz. Another important factor in considering the required locking capability of the receiver is the rate-of-change, i.e., the slope of the Doppler frequency shift. Fig. 4 also shows the rate-of-change versus relative elapsed time for the three different heights of LEO satellite. We can see from the figure that the lower height causes a more rapid change of the Doppler frequency shift. If we take the absolute value of the rate-of-change, the maximum rate-of-change were 90 MHz/s, 56 MHz/s, and 40 MHz/s for heights of 400 km, 600 km, and 800 km, respectively.
B. Numerical Estimation of Doppler Frequency Shift for a Coherent LEO-to-Ground Downlink
V. CONFIGURATION OF FIBER-OPTIC BASED EXPERIMENTAL SYSTEM
In order to demonstrate the feasibility of the coherent LEO-to-Ground downlink system described in Section III, a fiber-optic based experimental system was configured as shown in Fig. 5 . Table II lists the main parameters of the experimental system. For simplicity, BPSK modulation was used.
The system configuration is almost the same as that shown in Fig. 2 . However, all the components and the transmission link are configured using only fiber-pigtailed components. In addition, linear orthogonal polarizations are used to multiplex the pilot-carrier with modulated signal at the transmitter.
As shown in Fig. 5 , the experimental system can be divided into three parts: transmitter, transmission link, and OIPLL receiver. The transmitter part consisted of a distributed feedback (DFB) laser diode which works as a master laser (ML), a GaAs-based Mach-Zehnder modulator (MZM), a polarization controller (PC), and a transmitter erbium-doped fiber amplifier (EDFA) to boost the transmission power. The MZM was specially designed to transmit both TE and TM polarized fields with low loss but with only the TE polarized field modulated according to the applied voltage. This feature enables us to transmit a TE polarized laser signal modulated with BPSK format along with a TM polarized pilot-carrier [21] .
The power ratio of the modulated signal and pilot-carrier was 5:1 (7 dB) in our experimental demonstration, giving a power penalty of only 0.8 dB due to the unmodulated power in the pilot-carrier.
The Doppler frequency shift of the transmitted laser signal was simulated by directly modulating the ML drive current with a sinusoidal signal generated by a function generator (FG). Fig. 6 illustrates how the ML's frequency was deviated in the experiment. The applied signal's amplitude and frequency were adjusted to simulate a Doppler frequency shift with the required target peak-to-peak frequency offset and deviation rate , using the measured DC frequency modulation sensitivity of the ML for calibration.
The simulated Doppler frequency shift, , and the normalized one, are expressed by,
where is the ML's center frequency. From (6) and (7), the maximum rate-of-change of the simulated Doppler frequency shift, , and the normalized one, , can be expressed as follows: The DC frequency modulation sensitivity of the ML was approximately 680 MHz/mA, allowing a peak-to-peak frequency offset greater than 10 GHz to be achieved by applying approximately 15 mA peak-to-peak current variation about the mean bias current of 50 mA. Although the direct modulation of the ML to simulate Doppler frequency shift also causes the change of the ML output power, we experimentally confirmed that automatic output power control of the transmitter EDFA reduces power fluctuation at the transmitter output to less than 0.5 dB when is less than 500 Hz, even for GHz. As described in Section III, the OIPLL receiver is assumed to operate under LO-ASE beat-noise limited conditions. Thus, the operation of the OIPLL receiver and the data transmission performance were investigated for several optical signal-to-noise ratio (OSNR) conditions, which were simulated by using erbium doped fibre amplifiers (EDFAs) as illustrated in the transmission link part of Fig. 5 .
The transmission link transferred the transmitted laser signal to the OIPLL receiver with a specified OSNR and a specific power level. The OSNR is defined as the ratio of the optical signal power to the optical noise power in an optical bandwidth of 0.1 nm. The transmitted laser signal was combined with ASE noise from a two-stage EDFA, filtered using a 1 nm bandwidth optical bandpass filter, and further amplified by another EDFA. 1 percent of the output power of this final stage EDFA was tapped off to monitor the optical spectrum and OSNR as shown in Fig. 5 . To obtain the OSNR at the signal wavelength, the noise power was measured at an offset of 0.25 nm from the signal peak wavelength and corrected to account for the filter shape.
The OSNR can be translated into the received optical power or photons/bit if the noise figure (NF) of the receiver amplifier is known. For example, an OSNR of 5 dB is calculated to correspond to a received power of about dBm, assuming that the NF of the preamplifier is 5 dB.
The OIPLL receiver consisted of an optical coupler to tap off some of the received laser signal to injection lock a slave laser (SL), a distributed Bragg reflector (DBR) laser diode (the SL), a LiNbO -based integrated optical hybrid, and two pairs of balanced photo detectors (PDs). Three manually controllable PCs, an optical variable attenuator (ATT), and an optical circulator were respectively implemented for matching of laser signal polarizations, for obtaining the required injected laser signal power at the SL, and to separate the SL output from the injection path.
When the transmitter was adjusted to give BPSK-modulated data and the SL was locked to the ML, the two outputs of the optical hybrid gave demodulated baseband data and a phaseerror signal, respectively. The phase-error signal was fed back to control the drive current of the SL via a suitable loop filter, forming an OPLL.
There were two paths between the optical input coupler and the optical hybrid; the signal path and the OIPLL path, as shown in Fig. 5 . The OIPLL receiver was constructed from fiber-pigtailed components and consequently the path length from the input coupler to the SL and on to the input of the optical hybrid was several meters. To ensure that the relative phase of the inputs to the optical hybrid remained constant, the length of the signal path was actively controlled using a piezo-electric fibre stretcher (PZT). The error signal for this control loop was derived by directly modulating the SL with a 20 kHz dither at low modulation index.
Further details of the experimental OIPLL receiver can be found in [21] . 
VI. FUNDAMENTAL BER PERFORMANCE OF THE
EXPERIMENTAL SYSTEM Fig. 7 shows the fundamental BER performance of the experimental system for different OSNR conditions when no Doppler frequency shift is simulated.
For comparison, this figure also includes the theoretical ideal BER performance for coherent BPSK detection [21] and the BER performance when a binary amplitude shift keying (ASK) signal was transmitted without pilot carrier and directly detected. The binary ASK modulation was accomplished by changing the bias voltage applied to the MZM.
It was observed that error-free performance was obtained with an OSNR of over 14.5 dB for coherent detection of BPSK, and over 18 dB for direct detection of ASK. About 3.5 dB reduction in OSNR was achieved by using coherent detection of BPSK signal at compared to direct detection of the ASK signal. Compared to the theoretical performance, it was observed that the experimental BPSK system suffers a penalty of 3 dB or more. 0.8 dB of the penalty should be due to the orthogonal pilot as described in Section V, while the other penalty is attributed mainly to the non-optimal electrical filtering with bandwidth of approximately 10 GHz.
A practical LEO-to-Ground link suffers severe loss due to atmosphere propagation and the received power could be less than dBm or sometimes less than dBm [7] . As explained above, an OSNR of 5 dB is calculated to correspond to a received power of dBm. Since the SL remains locked when the OSNR is about 4.5 dB, as shown in Fig. 7 , we can conclude that the system can work with the very low received power condition which could happen due to scintillation in general LEO-to-Ground optical links.
The prior works in [2] and [3] report uncoded sensitivities at BER that were 4.4 dB and 3.5 dB higher than the shotnoise limit, for a 2 Mbps PSK system and a 312 Mbps PSK system, respectively. Our experimental 10 Gbps PSK system achieved BER with the OSNR of about 12.5 dB, a 4 dB penalty compared to the LO-ASE limit relevant to our optically pre-amplified system. Thus, we have achieved a similar implementation penalty, but at a much higher bit rate. In addition, this performance can be achieved under a wide Doppler frequency shift condition as described later in Section VII.B. Fig. 7 shows that a stable locking status with the BER of 0.002 was obtained when the OSNR was about 4.5 dB. Coding techniques [2] , [3] allow virtually error-free performance to be achieved under conditions corresponding to OSNR lower than this. Operation of the OIPLL receiver in this regime will be investigated and reported later. Fig. 8 shows the BER performances versus frequency deviation rate, , when the received laser signal suffers from simulated Doppler frequency shift for three different OSNR conditions, and where the peak-to-peak frequency offset, , is fixed at about 206 MHz (1.1 ppm).
VII. BER PERFORMANCE OF THE EXPERIMENTAL SYSTEM UNDER SIMULATED DOPPLER FREQUENCY SHIFT CONDITIONS
A. Impact of Narrow Doppler Frequency Shift Conditions
The phase difference, , between two injection-locked lasers varies according to the difference between the free-running frequencies of the lasers as follows [15] : (10) where is the full injection locking range and is the linewidth enhancement factor of the SL. This phase error should be tracked and compensated by the OPLL control as long as the deviation rate is lower than the bandwidth over which the electronic PLL dominates the overall response of the OIPLL (about 1 kHz).
Assuming the injection locking range is 1 GHz, we can estimate from (10) that the amplitude of the phase variation is only about 12 degrees, which would not give significant impact on the BER performance unless we evaluate it at very high OSNR conditions. Therefore, we can see from Fig. 8 that the BER remains approximately constant, even at deviation rates much higher than the bandwidth of the electrical loop of the OPLL.
Figs. 9 and 10 also show the BER performances versus the frequency deviation rate for three different OSNRs, where the peak-to-peak frequency offset, , is fixed at 1031 MHz (5.4 ppm) and 2063 MHz (10.7 ppm), respectively.
We can see from these figures that the BER remained approximately constant until the deviation rate reached a certain threshold deviation rate. As the deviation rate was increased beyond the threshold rate, the BER increased, with the receiver eventually becoming unlocked.
We observe from Figs. 9 and 10 that the BER performance degraded more rapidly after the deviation rate exceeded the threshold rate for the wider peak-to-peak frequency offset, and the receiver became unlocked at a lower deviation rate. For example, we can see that the BER for the condition of dB is degraded to at a deviation rate of 600 Hz for the deviation range of 1031 MHz (see Fig. 9 ), while a deviation rate of about 250 Hz results in the same degradation when the peak-to-peak frequency offset is 2063 MHz (see Fig. 10 ). The receiver became unlocked at a deviation rate of around 800 Hz and 400 Hz in our experimental system for the peak-topeak frequency offset of 1031 MHz (5.4 ppm) and 2063 MHz (10.7 ppm), respectively. Since the OPLL control suppresses phase variations in inverse proportion to the frequency deviation rate in the electronic control region, the same residual phase error amplitude would be expected at Hz with MHz as at Hz with MHz, which corresponds to conditions required to generate the maximum rate-of-change of the simulated Doppler frequency shift, , of 2.59 THz/sec (13 500 ppm/s).
It can be deduced from these results that the capability of the OIPLL receiver to track the frequency shift of the received signal is roughly limited by the maximum rate-of-change of the simulated Doppler frequency shift when the peak-to-peak frequency offset is greater than the injection-locking bandwidth (i.e., when locking is maintained by the electronic feedback), while much more rapid tracking ability is possible when the peak-to-peak frequency offset is less than the injection locking bandwidth (i.e., when locking is maintained by optical injection locking). Fig. 11 shows the BER performance when the received laser signal suffers from simulated Doppler frequency shifts for different frequency deviation rates, , in which the peak-to-peak frequency offset, , is fixed at about 10.3 GHz (54 ppm). Three BER performances for different OSNR conditions are shown together: 12.8, 11.2, and 9.7 dB. From the previous discussions, we may expect that the OIPLL receiver should remain locked until the frequency deviation rate reaches 80 Hz for a peak-to-peak frequency offset of 10.3 GHz, corresponding to THz/sec. However, we can see from Fig. 11 that the receiver became unlocked for all cases at less than 10 Hz deviation rate. This discrepancy might be due to the behavior of the thermal controller circuit for the SL which was not independent of the injected frequency, especially when the deviation rate is very slow and the frequency offset large. We observed that the thermal control current was changing when the signal frequency was changing slowly. The change of the temperature will also affect the frequency of laser, and may cause the loop to become unstable at a lower deviation rate than expected.
B. Impact of Wide Doppler Frequency Shift Conditions
Even so, as far as slow deviation rate up to 1 Hz is concerned, we can see that stable phase locking is maintained and almost no BER degradation is observed despite the receiver experiencing a large simulated Doppler frequency shift of over 10 GHz peak-to-peak frequency offset. Note that the 10.3 GHz peak-to-peak frequency offset at 1 Hz deviation rate results in a maximum rate-of-change of 32.4 GHz/s (168 ppm/s).
VIII. PHASE ERROR AND PHASE NOISE PERFORMANCE OF OIPLL RECEIVER UNDER SIMULATED DOPPLER FREQUENCY SHIFT CONDITIONS
Monitoring the input and output of the loop filter in the PLL circuit provides useful information to understand the behavior of the phase-lock loop. Fig. 12 shows the waveforms of the loop filter input and output for different frequency deviation rates of Hz, 200 Hz, and 400 Hz, when the peak-to-peak frequency offset is fixed at 2063 MHz (10.7 ppm).
The loop filter output waveforms, which control the drive current of the SL, are depicted in blue lines, while the loop filter input waveforms, which indicate the amount of the phase error, are depicted in red lines.
We can see in Fig. 12 that stable sinusoidal PLL control signals are provided from the loop filter output with an amplitude of 250 mVmV for all the frequency deviation rate conditions. However, the observed amplitudes of residual phase error at the loop filter input differ considerably for different deviation rate conditions. For a deviation rate of 100 Hz, the peak-to-peak variation of the underlying sinusoidal phase error signal was about 2 mV , while for deviation rates of 200 Hz and 400 Hz, this increased to about 4 mV and 8 mV , respectively.
It can be deduced that this significant increase of phase error is the immediate reason for the degradation of BER performance for the higher frequency deviation rates. The peak-to-peak frequency offset in this example, i.e., MHz, is much greater than the injection locking bandwidth (around 1 GHz). Therefore, it is believed that the locking performance is basically dominated by the performance of the OPLL circuit and the receiver becomes unlocked once the deviation rate exceeds the capability of the OPLL circuit.
In order to investigate the phase noise performance of the experimental optical transmission system, a TE polarized signal phase-modulated with a 5 GHz subcarrier was transmitted along with a TM polarized pilot carrier in a similar way to the previous BPSK signal transmissions. The OIPLL receiver was locked to the received TM polarized pilot carrier, allowing the 5 GHz subcarrier to be demodulated. The phase noise performance of the detected 5 GHz subcarrier was measured using a spectrum analyzer in order to assess the phase error introduced by the OIPLL receiver.
Figs. 13 and 14 respectively show the spectrum and phase noise performance of the original 5 GHz modulation signal and the coherently detected signal when no Doppler frequency shift is applied. It was observed that the phase noise of the coherently detected signal is degraded by about 10 dB at the frequency offset of up to 100 kHz, and by about 5 dB at the frequency offset of more than 100 kHz. However, phase noise of less than dBc/Hz was achieved at the frequency offset of 1 MHz after the optical transmission. Note that the sharp peak in the phase noise spectrum at 20 kHz frequency offset in Fig. 14 is caused by the phase modulation used for controlling the fiber path length as described in Section V. Fig. 15 shows sample phase noise performances after optical transmission when simulated Doppler frequency shifts are applied for different frequency deviation rates, , and the peak-to-peak frequency offset is fixed at about 2.4 GHz. The figure shows that the phase noise performance at frequencies above 100 kHz degrades slightly as the deviation rate increases. Even so, phase noise of less than dBc/Hz was achieved for all simulated conditions at 100 kHz offset.
At lower offset frequencies, less than 20 kHz, the phase noise is seen to increase over a bandwidth that scales with the frequency deviation rate (from approximately 200 Hz at 1 Hz to 20 kHz at Hz). Similar spectra were observed even when direct detection of the frequency-modulated master signal was performed using the OIPLL receiver. These features of the spectra are believed to be related to low-level reflections in the receiver, resulting in multiple signal paths.
Overall, from these results we conclude that the phasetracking performance of the receiver is not significantly degraded even when the center frequency of the received laser signal varies over a wide frequency offset (a few GHz) and at high rate-of-change ( GHz/s (3 900 ppm/s) or more).
IX. CONCLUSION This paper proposed the concept and configuration of a pilot-carrier coherent LEO-to-Ground downlink system using an OIPLL technique and it was demonstrated that the receiver can maintain a stable frequency and phase locking state under simulated Doppler frequency shift conditions. The peak-to-peak frequency offset and the maximum rate-ofchange of the Doppler frequency shift that are expected to occur in a LEO-to-Ground downlink system were theoretically studied and estimated as greater than 9 GHz (47 ppm) and less than 100 MHz/s (0.5 ppm/s), respectively.
The BER and phase noise performances of the proposed system under simulated Doppler frequency shift conditions were experimentally investigated by configuring an equivalent experimental system of the pilot-carrier coherent LEO-to-Ground downlink system using fiber-pigtailed components.
The locking capability of the experimental system for comparatively narrow Doppler frequency shift conditions was first investigated. The OIPLL receiver did not become unlocked even at a deviation rate of more than 10 MHz for a peak-to-peak frequency offset of 206 MHz, while the re-ceiver lost lock at deviation rates of 800 Hz and 400 Hz for the peak-to-peak frequency offset of 1031 MHz (5.4 ppm) and 2063 MHz (10.7 ppm), respectively. These conditions at which the receiver became unlocked correspond to a maximum rate-of-change of Doppler frequency shift of 2.59 THz/sec (13 500 ppm/s). Thus, it is concluded that the maximum capability of the OIPLL receiver is limited by a constant which is proportional to the peak-to-peak frequency offset times the deviation rate unless the peak-to-peak frequency offset is much narrower than the injection locking range. The tracking capability of the receiver is limited by the frequency range over which the electronic feedback operates and the slew rate of the electronic circuits. It is expected that faster electronic feedback circuits could be developed that would allow tracking of wider frequency deviation and higher rate of change of frequency.
It was also successfully demonstrated that the experimental system can maintain stable frequency and phase locking state with no power penalty for detection of a 10 Gbps BPSK signal under a simulated Doppler frequency shift condition over a 10.3 GHz (54 ppm) frequency offset with a maximum rate-of-change of up to 32.4 GHz/sec (168 ppm/s).
Since our immediate target was to investigate the feasibility of the proposed pilot-carrier coherent LEO-to-Ground downlink system under a Doppler frequency shift condition where the peak-to-peak frequency offset is greater than 9 GHz (47 ppm) and the maximum rate-of-change is less than 100 MHz/s (0.5 ppm/s), the performance of the experimentally investigated system is found to be more than sufficient to meet the requirements.
The phase noise performance of the transmitted signal was also investigated under simulated Doppler frequency shift conditions. At a frequency offset of 1 MHz, the phase noise power of less than dBc/Hz was achieved without simulated Doppler frequency shift, and less than dBc/Hz under a simulated Doppler frequency shift condition of 2.4 GHz (12.5 ppm) peak-to-peak frequency offset and deviation rate of up to 100 Hz.
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